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Wo  assc^sscd  the  advantages  of  a  color-coded  weapons  syniboio^  for  u  helmet- 
mounted  display  over  monochrome  symbotogj'  by  measuring  inilitaiyr  pilots'  per¬ 
formance  while  they  flew  air-i{>air  combat  in  a  simulator.  The  pilots  hred  missiles 
significantly  sooner  without  sacrificing  probability  of  kill  when  using  the  color- 
coded  symbology,  demonstraling  a  substantial  praclical  benefit  of  colon  Actual  or 
potential  applications  of  this  work  include  the  design  of  color  codes  for  helmet' 
tnounlcd  and  other  displays  that  use  complex  symbology  to  assist  perfomioncs  on 
cognitively  challenging  tasks* 


INTRODUCTION 

TIh'  U*S.  Air  Horce  Research  Laboratory's 
I  IcImet'Mounted  Sight  Plus  (HMS+)  program 
is  developing  a  color  helmet -mounted  display 
(HMDMo  enhance  information  conveyance  to 
the  pilot. }  IMS+  is  essentially  a  colorcapable 
version  of  the  Visually  Coupled  Acquisition 
and  Targeting  System  (VC ATS)  flMD^  which 
has  been  developed  mainly  to  support  missile 
aiming  over  a  large  range  of  pibl  hefid  positions 
and  orientatlonsH  This  aiming  ability  is  a  major 
advantage  of  HMDs  over  hcad-up  displays 
(HUDs),  as  hnmes  <  I9S9)  pointed  out:  ""The 
target  is  outside  (he  HUD  field-of-vlew  during 
most  lactiail  maneuvers  and  offsets.  The  farther 
off  the  target  can  be  detected  and  tracked,  the 
more  effective  the  iniercepl  tactics  can  be"  Ip. 
149),  The  potential  benefits  of  HMD-presented 
infomiation  have  been  denxmstrated  in  the  labo- 
TVkior)'  and  in  flight  tests  tGdsclnfkan  ik  Osgood* 
1994,  1995;  Osgood*  Ge1scim3n*j&  Calhoun, 
1991). 

A  full-color  capability  may  he  desired  ulti¬ 
mately  for  more  versatile  HMDs,  but  the  HMS+ 
program  is  developing  a  two-piimary,  red  + 
green  (RG)  HMD  using  a  subtractive-color 
active-matrix  liquid-ciysta]  display  l  AM  LCD) 
as  the  image  source  (Post  el  al.,  1994;  Post, 


Dodd,  I  ietn/c,  &  Shaffner,  1997).  Subtractive- 
color  AMLCD  technology  has  been  selected 
because  it  provides  belter  image  quality  than 
Jo  conveniiunal  additive-eolor  AM  LCDs  in 
this  application  (Post  Reinhart,  1997),  An 
RG  display  can  produce  reds,  greens,  and  all 
the  intervening  hues  (i.e.*  oranges  and  yellows) 
but  not  whiles,  grays,  blues,  purples,  or  cyans. 
The  RG  color  repertoire  should  be  adequate, 
though,  given  Ihc  Itniiied  intended  application 
for  HMS+.  Furthermore,  for  a  subiraclivc- 
color  AMLCD,  the  use  of  RG  instead  of  full 
color  reduces  the  manufacturing  cost  by  59% 
end  increases  the  display's  transmittance  two 
lo  four  times  (Franklin  3t  Reinhart,  1997), 

In  a  previous  study  (Geiscinian  ct  aL*  199S). 
we  developed  two  color-coded  versions  of  the 
VCATS  weapons  symbology  using  the  RG 
color  repertoire.  Six  U.S.  Air  Force  fighter 
pilots  with  HUD  and  air-to-air  weapon  deliv¬ 
ery  experience  evaluated  the  color  codes  after 
testing  I  hem  while  flying  an  air-to-air  scenario 
in  a  simulator.  All  six  pilots  preferred  the 
color-coded  symbology  to  the  monochrome 
VCAT5>  baseline*  Furthermore,  and  perhaps 
surprisingly,  a  “red  means  shoot"  color-coding 
strateg)'  (which  involved  a  progression  from 
preen  lo  red  as  an  indication  of  shoot -criteria 
satisfaction)  w'as  preferred  unanimously  to  a 
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'‘grcijn  go"  Hlratugy  (which  iiWulvcJ  a 

netl’togt'Cei't  progression 

A]ihi]ugh  I  he  gcnctal  merits  of  color  coding  - 
particuLaily  for  speeding  visyal  search  -  are  well 
docomerttod  (Post,  1 992;  Silvcrstein,  1987* 
Travis*  1991  )*  it  is  not  obvious  that  color  cod¬ 
ing  HMD  air-(o-air  weapons  synibolog>'  should 
have  measurable  and  importanl  performance 
bene  fits  ^  pilot  prcfeneitce  notwithstanding.  The 
purpose  of  (he  present  experiment  was  to  deter* 
mine  whether  any  such  benefits  can  be  demon* 
strated  for  (he  *ried  means  shool"  &3de. 

METHOD 

Participants 

Twelve  volunteer  military  pilots  from  the 
United  States,  the  United  Kingdom,  and  Sweden 
purticipfiled.  ‘fheir  mean  flight  time  was  244S  h. 
Ten  piluls  had  experience  in  HUD*equipped 
fighters,  four  had  in-flight  HMD  expericnet,  and 
nine  had  air-to-air  missile  launch  experience. 

Apparatus 

We  used  a  projeelion  dome  having  a  20-fooi 
(6  ml  radius  with  an  F-lb  cockpit  niocktip  that 
included  a  single  throttle,  a  force-typi:  side  stick 
eontnollen  a  lJUD,  a  radar  scope,  an  attitude 
indicator,  and  a  horizontal  situation  indicator. 
The  stniulation  software  used  an  F-tb  aei-ody- 
nnmic  mtMiel,  Tlie  dome  provided  a  150'^  hori¬ 
zontal  by  70°  vertical  visual  scene,  which  was 
prodticcd  by  six  color  CRT  projectors,  The 
HMD  was  simulated  by  drawing  the  symbology 
on  the  dome,  superimposed  additivciy  on  the 
outside  scene  by  the  gnuphies  processor,  within 
a  2(7^  circular  field  of  view  (FOV)  that  was  cen¬ 
tered  al  the  participant's  line  ofisight  (LOS)'. 
The  LOS  was  measured  by  a  magnetic  head 
tracker.  To  simulate  the  aetkm  of  a  real  eoekpil 
HMD,  the  H.MI.7  was  blanked  when  the  tracker 
.indicated  that  the  participant  was  looking  down 
at  the  panel  instruments  or  HUD,  A  bkiek-sky 
outside-wqrld  scene  was  used  to  reduce  sec¬ 
ondary  reflections  from  the  curved  projection 
screen  and  thereby  to  i rel  ease  color  saturation 
and  luminance  contrast. 

HMD  Symbology 

The  luminances  of  (he  red,  green*  and  yel¬ 
low  symbols  were  U.20,  0.65,  and  0,83  cd/nv\ 


respectively,  when  measured  against  the  black 
sky.  These  luminances  ate  typical  of  large  dome 
si  mu  hi  tors,  and  although  they  may  seem  low, 
the  symbol  colors  were  easily  recognizable 
againsi  ail  the  backgrounds.  'Hie  ratios  among 
the  luminances  are  roughly  what  would  be 
expected  for  u  real  airbtime  color  HMD,  given 
that  airborne  f  IMD  luminance  must  often  be 
maximized  to  improve  visibility  and  that  color 
di.splays  typically  provide  a  much  higher  peak 
green  luminance  than  peak  red.  Symbol  con¬ 
trast  ratios  ranged  up  to  3.7:],  depending  on 
the  combination  of  symbol  color  and  back- 
ground,  and  weixT  therefore  rcpnc sen tfl live  of 
the  contrasts  one  mighl  expect  to  achieve  for 
daytime  viewing  of  a  real  airborne  color  HMD. 

We  used  the  VC  ATS  symUilogy  (sec  Figure 
I },  which  is  similar  to  existing  I  lUD  symbology 
and  therefore  familiar  for  most  tactical  pilots, 
[t  was  green  in  uurnionochrome  conditions.  It 
includes  several  functionality  groups,  but  only 
those  reliUEtig  to  targe l  location,  tracking,  and 
weapons  deployment  were  color  coded,  so 
we  will  discuss  only  those  groups,  Ciciselinan 
ct  a!,  i  ]  998)  described  the  symbology  more 
completely. 

luFget  dL^aigttiiior  box  gro/jp.  Tlie  target  desig¬ 
nator  {TD)  box  symhK)lsshi>WL‘d  an  CXtilipolatcd 
primary  designated  target  (PDl'J  LOS  when 
the  target  w^as  within  the  HMD  F'OV:  that  is, 
WLihin  a  Id'"  radius  of  the  HMD  center  point. 
This  symbology,  like  all  other  targeting-speeifie 
symbt^logy;,  was  present  only  when  a  rodar  PDT 
was  established.  The  box  symbols  were  super¬ 
imposed  on  the  target  Ideation  in  the  outside 
scene.  The  TD  box  was  replaced  by  a  target 
locator  line  whenever  the  target  was  within  the 
sensor  field  of  regard  hut  beyond  the  NMD 
FOV*  Only  one  PDT  could  exist  at  a  time, 
Infonnatlon  « round  the  box  included  a  shape- 
eoded  identifiealiou  friend  or  foe  (IKE->  Symbol 
on  the  left  side. 

Above  the  box.  an  alphanumeric  readout 
showed  cither  target  recognition  information 
(e.g.,  aircraft  model  ideniifieation)  or  the  num¬ 
ber  of  degrees  fif  fewer  than  ll»  before  tlie 
target  would  reach  the  onboard  radar's  maxi¬ 
mum  coverage  angle.  (This  n umber  is  known 
commonly  as  decrees  before  break-hek.) 
Alphanumerie  indications  of  target  range  and 
altitude  were  attached  to  the  right  side  of  the 
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box.  The  bottom  side  was  reserved  for  ihe 
appearpnee  of  n  siar-lype  shooi-eue  sytnbul 
when  the  launeh  parameters  for  ihe  current 
selected  weapon  were  satisfied. 

The  color  coding  for  the  TD  box  group  varied 
between  green  and  red  depending  on  the  missile 
launch  soluliom  The  TD  hox  was  green  if  ihe 
PU  r  was  outside  ihe  missile's  inaxiiULini  or  tnin^ 
imum  allowable  launch  ranges,  Ulthin  the  max- 
imurn  night  (!Rmax,)  and  itiaxilliuin  lericlinal 
phase  maneuvering  (RmaXj)  PDT  ranges,  the 
TD  box  changed  continuously  from  gitcn  to  yel¬ 
low.  Within  RmaX;,  the  TD  box  snapped  to  rad. 
TTiese  color  changes  indicated  the  transition  of 
the  PDT  from  out  of  range  to  within  minimal 
launch  parameters  and,  finally,  to  within  a  high 
probability  of  success  launch  range. 

The  TD  box  remained  red  within  the  Rniax,, 
and  minimum  launch  (.Rtnin)  ranges.  Inside 
the  Rmin  rangc.^  ihc  TD  box  snapped  back  to 
green  lo  indicate  the  reluni  to  an  oul-ofdhnits 


state.  Additionally,  the  inside- Rmin  state  was 
indicated  by  the  presentation  of  a  green  break  X 
symbol  (not  shown  in  Figure  1 ).  drawn  across 
the  cuntcr  of  ihc  HMD  KOV.  f^resenialton  of  the 
shoot  cue  symbol  associated  with  the  I'D  box 
(and  locator  line;  see  next  paragraph)  indicated 
a  wit  bin -good- launch'puraiTic  tors  state;  there¬ 
fore,  the  sitool  cue  s^inhol  was  always  red.  Tie 
dcgrccs-bcforc- break-look  alphanumeric  associ¬ 
ated  with  the  TD  box  and  locator  line  was 
always  yellow^  becaujic  this  informatiorL,  when  it 
appeared.  Indicated  an  approach! ng-limhs  con¬ 
dition.  Symbols  represenring  friendly  IFFs  wem 
green,  unknown  targets  were  yellow,  and  hostile 
larget.s  were  red:  this  system  conforms  with 
ounventiunal  IHJ' color  cod  Lpg. 

Target  {oca tor  line  group.  A  target  locator 
line  showed  the  continuously  computed  com¬ 
bined  azimuth  and  elevation  vector  to  the  PDT 
LOS  when  the  PDT  was  located  outside  the 
HM]3  FOV,  The  locator  line  and  TD  box  did 
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not  A'Lconjinglj/H  the  line  iiLsu  had  IhK 

degrees  before  break'loct.  and  shooi  cue  sym¬ 
bology  uUached  to  il.  The  line  was  anchored  al 
the  center  of  (he  HMD  FOV  and  radialed  oul 
toward  the  edge  of  the  I  IMD  FOVl  The  outside 
end  of  the  locator  line  was  a  solid  arruwhcadr 
The  length  of  the  line  changed  dyrtaniically  in 
proportion  to  the  angular  differenee  between 
the  IIMD  LOS  and  tlie  PDT  location,  up  to 
45”,  Beyond  45“  the  line  was  drawn  at  its  max¬ 
imum  length  of  7.8';  Between  45*  and  the  point 
where  the  target  crossed  within  the  HMD  FOV. 
the  locator  line  shortened  to  its  tniniinuni  length 
of  appaoKiraately  2“. 

A  shape-coded  IFF  symboE  was  attached  to 
the  locator  line  arrowheads  A  circle  indicated  a 
friendly  return,  an  X  indicated  an  uni demi lied 
return,  and  a  diamond  Indicated  a  hostile  tar¬ 
get.  .4  degrees -be tore- bietik -lock  readout  was 
displayed  next  to  the  JFf'  synibol  if  the  PDT 
was  within  10”  of  llte  maximum  radar  cover¬ 
age.  A  shoot  cue  was  displayed  at  I  he  locator 
lino  anchor  when  the  Jauitch  parameters  for  the 
selected  weapon  were  saltsfied  for  the  PDT. 
1'hc  locator  line's  color  coding  matched  that 
for  the  TD  box. 

Athwabie  i'ftwrVig  error  circle  group.  The 
allow'ablc  steering  error  (.4SH)  circle  was  a 
boresight-referenced  repeater  of  the  .same  sym¬ 
bology  presented  on  Lhc  I  lUD.  A  comparison 
of  the  dytiamic  steering  dot  with  the  edge  of 
(he  ASF  circle  indicated  the  instantaneous 
quality  of  the  missile  launch  relative  to  the 
weapon's  lateral  and  vertical  limiiaiions.  The 
radial  aspect  indicator  line  represented  the 
PDFs  aspect  angle  relative  to  the  ownshlp 
night  path. 

The  ASF  circle  was  green,  hut  the  associat¬ 
ed  steering  dot  was  color  coded  according  to 
its  profiimity  to  the  ASE  oiiclo.  Within  the  cir¬ 
cle,  (he  steering  dot  was  red  to  indicate  within 
allowable  steering  error.  Outside  the  circle,  but 
within  2”  of  it.  the  dot  was  yellow,  Beyond  2^ 
the  dot  was  green.  The  radial  target  aspect  line 
attached  lo  the  ASR  circle  was  color  coded 
depending  on  (he  nose-versus-tail  aspect  rela¬ 
tionship  between  the  ownship  and  target 
velocity  vectors.  The  line  was  red  from  270“  to 
90°  {across  the  Lop)  aspect  angle  to  indicate 
that  (he  ownship  nose  was  oriented  to  the  tar¬ 
get 's  tail,  A  yellow  line  between  9U”-1 10°  or 


belween  270  -250^  indicated  an  approaching 
ncuinil  aspect.  A  green  line  between  3  t0°  and 
250"  indicated  neutral 

f)y/f£jp;?r‘c  Imittdt  range  ^roup.  Tliis  symbol¬ 
ogy  showed  the  PDT  range  and  closure  rate 
along  the  left  side  of  a  fixed  scale.  The  scale’s 
right  side  showed  significant  launch  parameter 
ranges  for  tlie  selected  weapon.  When  the  PDT 
was  within  the  RmaSi-Fuiin  envelope,  a  shoot 
cue  associated  with  TD  box  or  locator  line  was 
presented.  If  the  PDT  was  between  the  target 
lum-and-run  l  angc  tRir}  and  Rniin,  the  shoot 
cue  symbol  flashed  at  5  Hjt.  A  break  X  symbijl 
(not  shown  in  Figure  1 )  w^as  drawn  across  the 
center  of  the  HMD  FOV  if  the  PDT  ningc  w^as 
inside  Rmin. 

The  range  bars  on  the  dynamic  launch  range 
scale  were  colored  to  indicate  the  launch  limila- 
iSon-S  they  represented,  The  Umax,  bar  was  yel¬ 
low  and  the  Rmax.u  Rlr,  and  Rmin  bars  were 
red.  The  line  ihat  connected  the  Rtr  and  Rmin 
bars  lo  indicate  the  Rtr  region  was  also  red. 
The  dynamic  target  range  and  closure  rate  caret 
were  Colored  to  show  the  launch  envelope 
region  in  which  the  target  wag  located.  The 
card  was  green  beyond  Rinax,  and  within 
RmEii,  Within  the  RniaXi-RniaXj  region,  the 
caret  changed  from  green  to  yellow.  The  caret 
snapped  to  red  as  the  tuiget  crossed  into  the 
Rmax,-kmin  region. 

Scenario 

The  scenario  was  a  mulliplayer  air-to-air 
engagement  involving  hostile  bom  bent,  friendly 
lighters,  unknown  lighters,  and  hostile  lEghlers. 
The  gaming  area  was  a  6U  x  50  nautical  mile 
(nm)  portion  of  (he  Defense  Mapping  Agency 
southwes.1  U,S>  daUtbase,  and  die  Truth  or  Con- 
sec|uences  Airport  netir  A]buqucrc|uc,  New 
Mexico*  was  home  plate.  The  scenario  involved 
the  combined  use  of  hejsd-down  l  udar  func¬ 
tions  and  HMD-provided  l argot  location  infor- 
niation  lo  perform  target  acquisition,  radar 
lock,  idcniincatiun,  and  missile  launch.  There 
were  four  mission  phosesi  combat  air  patrol, 
intercept,  attack  {bombers  and  fiEhtei^L  and 
egress.  Our  interest  focused  on  the  intercepl 
and  attack  phases . 

I'he  six  players  were  the  primary  cockpit 
(owmship,  flown  by  The  participani),  (wo  man¬ 
ned  Hgluers,  an  uutunoiiious  friendly  fighter. 


COLOR  CODING  AN  HMO 


519 


and  two  autQn<?TiiQU5  ^noniy  boinbers.  The 
inaiiriL'd  fig  liters  were  Hown  by  e\perieiic:cd 
laboratory  personnel  via  auxiliary  stations  and 
L’hangcd  identifieatlun  fruin  unknown  td 
either  friendly  or  hoslile)  according  Lo  Lite 
experi menial  design.  Their  tactics  were  coordi* 
natcid  by  an  aii  -lu-air  tactics  expert  acting  as  an 
Airborne  Warning  and  Control  System  (MVACS) 
controller  (red  controller!  Tlie  primaiy  cockpit 
was  given  AWACS-type  in  format  ion  by  the 
esperimcnier  (blue  conli'oller).  The  contro Hers 
viewed  walbprojccted  bird's-eye  views  of  the 
gaining  area  and  on-dem^nd  stjttus  infoiTnadon 
about  each  aiicral!  'Khc  players  conunujucaled 
via  an  inlereont  (hat  allo^ved  the  experimental 
patticipant  to  hear  only  the  blue  controller  and 
eweryonc  else  to  hear  all  other  cunimnnicatioii. 

For  each  trial,  the  bombers  started  from  one 
of  four  possible,  randomly  chosen  bqications 
and  then  tracked  ditecily  toward  home  plate, 
flying  I  mile  apart  in  a  trail  formation.  Five 
waypoints*  conneeted  to  form  a  closed  tourse, 
were  used  as  lighter  start  loeationsH  11ie 
autonomous  friendly  fighter,  which  served  as 
a  distracter  for  the  participant,  started  from  a 
waypoint  adjacent  (cither  left  or  right,  chosen 
randomly')  to  the  bomber  start  location  and 
then  also  tracked  directly  toward  home  plate, 
flic  manned  lighters  Started  from  iIk:  waypoint 
adjacent  to  the  bomber  start  location  and 
opposite  the  friendly  dislractcr  location.  As 
lung  as  the  inunncd  fighters  were  designated 
"unknown,"  they  fo  I  fowled  the  closed  course 
counterclockwise  in  formation  from  ivaypcunl 
10  waypoint  at  1 5  000  feet  and  480  knots,  [f 
their  idcntifitaiion  switched  to  friendly  or  hos¬ 
tile,  they  maneuvered  according  to  the  red  con¬ 
trollers  directions,  Hostile  righlers  maneuvered 
aggressively  against  the  owmshtp  but  did  not 
fire  on  it.  (The  o^vnship  was  Insiructcd  to  fiy 
nunelhcless  as  if  host  ties  could  fire.)  Friendly 
fighters  maneuvered  to  cause  confusion. 

Rules  of  Engagement 

Starting  from  home  plate  at  1 5  000  feet  and 
430  knots,  the  ownship  pilot  was  directed  by 
the  blue  con  Holler  toward  the  two  appioach- 
ing  bombers  via  radar  vectors,  with  instruc¬ 
tions  lo  identify  and  shoot  them  down.  While 
the  ownship  maneuvered,  the  blue  conlrolier 
gave  snap-look  location  information  Eibout 


other  “‘im identified^  targets  in  the  area.  'ITicso 
targets  appeared  on  the  ownship  radar  when 
(hey  were  within  the  coverage  volume.  The 
ownship  could  seicci  one  PDT  ai  a  time  using 
either  the  convenlionaL  radar  display  (which 
had  a  40-mi Ic  range  and  field  of  regard) 
or  the  HMD. 

The  ownship  pilot  was  instructed  to  moni¬ 
tor  I  he  other  aircrafts'  movements  during  the 
bomber  attack.  Once  ihe  bombers  were  defeat* 
ed,  the  ownship  concentrated  on  the  secondary 
targets.  During  [he  bomber  attack  mission 
ph  a.sc,  the  manned  fighters  followed  the  pre¬ 
scribed  waypoint  route,  and  the  ownship  IFF* 
which  was  available  only  on  the  HMD,  showed 
them  as  unknowns*  Once  they  reached  ihcir 
First  waypoint  (this  look  3-5  mm),  their  IFF 
indications  could  change.  The  owns? hip  njlci; 
of  engagement  depended  on  the  indications. 
Friendly  targeis  could  be  Ignored,  and  if  only 
friendlies  rernainedt  the  ownship  was  to  egress 
lowand  home  plate.  If  the  IFF  was  unknown  and 
the  target  was  appixMitliing  liomc  pLalc,  the  owrt- 
slrip  was  to  imercepl  tind  track  it.  li  the  unknown 
lurned  away  from  home  plate,  the  ownship 
was  to  egress.  If  the  IFF  was  hostile*  the  owm- 
ship  was  to  shoot  the  target  down.  The  ownship 
was  also  to  egress  if  all  host  lies  were  shot  down 
or  all  eight  missiles  were  used.  The  trial  ended 
when  egress  commcncedH 

Prowdure 

For  training,  each  participant  read  instruc¬ 
tions,  examined  color  figures  of  the  symthology 
set,  listened  to  an  oral  description  of  the  taskj 
free-flew  for  50  min  to  become  familiar  with 
the  simulation,  and  then  experienced  several 
full-scettario  practice  trials.  Questions  were 
addressed  as  they  arose  during  both  training 
and  experimental  trials. 

Each  participant  completed  all  four  1-h 
cxperimcntul  sessions  in  one  day  with  rust  paus¬ 
es  given  as  needed  and  a  lunch  break  al  (he 
halfway  point.  Each  sessiotT.  consisted  of  b  trials, 
yielding  a  total  of  32  trials  per  par(ieipan(.  Tlie 
use  of  color-coded  HMO  symbology  alternated 
across  sessions;  Even-numbered  participants 
began  with  color-coded  symbology  and  odd- 
numbered  parridpanis  began  with  monochrome. 
Tlius  I IMD  color  was  a  wilhin-subjects  variable. 
The  start  locations  of  the  bombers,  manned 
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aircraft  ard  disiracier  friendly,  and!  also  ibe 
martnod  aircraft  idcntificancins  (i.c.,  both  fi witch 
froni  unknown  lo  friendly,  bolh  switch  lo  hostile, 
one  switches  to  friendly  and  the  other  switches 
lo  hosdlen  or  both  remain  unknown),  weie  bah 
anced  across  triais  for  control  purposes  but  were 
not  factors  in  the  subsequent  analyses.  All  simu¬ 
lation  data  parameters  w^ere  recoiided  at  5  Hz. 
and  1]  trials  were  videotaped. 

RESULTS 

For  each  launch  we  computed  the  target's 
PDT  lime  piior  to  the  shot  and  the  target's  range 
at  the  time  of  the  shot.  These  PDT  times  showed 
positive  skew^  so  we  tog-tnansformed  them.  We 
sorted  launches  into  three  probobility-oF-kill 
iPk)  categories  according  to  the  shoot  cue 
indications  that  were  present  at  Launch  time:  A 
Hashing  shoot  cue  denotes  the  highest  Fk,  a 
nonflashing  cue  denotes  ruedium  Pk,  and  «n 
absent  cue  denotes  low  Pk.  Wc  also  differenti¬ 
ated  between  launches  against  bombers  and 
launches  against  hostile  lighters  because  these 
target  types  call  for  differenL  attack  and  mancU' 
vering  tactics.  We  calculated  a  mean  ]og„i  PDT 
time  and  mean  target  range  for  each  Participant 
X  Pk  X  Target  Type  x  HMD  Color  combination, 
dropping  cells  having  fewer  than  two  observa¬ 
tions.  One-way  analyses  of  variance  (ANOVAs). 
using  HMD  color  as  the  main  effects  were  then 


performed  for  each  combination  of  Pk  and  tar* 
get  type*  using  only  participants  who  had  no 
missing  cells. 

Flashing  Shoot  Cue 

PDT  time  for  this  ease  was  computed  as  the 
difference  between  the  time  at  which  the  cue 
s|arlet:l  Hashing  and  I  he  time  at  which  I  he  launch 
oeeurred.  For  bomber  launches,  7  participants 
had  no  missing  cells;  Jbr  hostile  lighter  launch¬ 
es.  1 1  had  no  missing  cells.  The  mean  logm  PDT 
times  and  mean  target  ranges  for  these  partici¬ 
pants  are  shown  in  Figure  2.  The  ANOVAs 
showed  that  HMD  color  had  no  significant 
effect  on  PDT  time  for  bombers,  Ff  1 , 6)  =  0.03, 
p  =  ,S57g,  but  color  coding  reduced  PDT  time 
significanlly  For  hostile  fighters,  FO,  10)  = 
I  l.OS^  p  =  .(X)76.  The  difference  between  the 
reverse-transformed  ti.e.,  geometric)  means  for 
the  lighters  is  1 .24  s.  HMD  color  had  no  sig¬ 
nificant  effect  on  target  range  at  launch  time 
for  bombers,  F(  I  +  6)  =  0.01 ,  p  =  .945 1  ^  or  hos¬ 
tile  fighters,  F(  I,  10)  -  0.05,  p  =  ,8262. 

Nonflashing  Shoot  Cu« 

PDT  time  for  this  case  was  computed  as  the 
difference  between  ihe  time  the  cue  came  on 
ond  the  lime  the  launch  occurred.  For  bomber 
launches,  10  participants  had  no  missing  cells; 
for  hostile  lighter  launches,  there  were  only  7 
shots  in  the  moncchromc  condition  and  14  in 
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Fi^jre  2.  McEir  logia  PDT  limes  and  mtflTi  large  I  ranges  for  launches  against 
bumbers  and  husEilc  fighters  when  ihc  sbuol  cue  was  HB^hing.  Whiskers  show 
Standard  tlcviations- 
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ihe  Lolt>rH;uded  tondutuin.  su  wy  did  nut  per¬ 
form  ANOVAs  for  fighter  luunehe.^.  The  mean 
logifl  PDT  limes  and  mean  urget  renges  for 
bombers  arc  sbo^vn  in  Figure  i. 

The  ANOVAs  showed  thnt  color  coding 
reduced  PDT  fiine  signillcandyn  Fi  I  ^  9>  =  5  S5r 
p  =  .0387,  and  increased  the  target  range  al 
launch  lime  signiOcantlyH  F{  1,  9)  ^  6,U3»  p  s 
,0366.  The  differences  between  the  PDT-linie 
gcomclric  means  and  target  range  means  are 
3 .58  s  and  L 1 7  nm,  respeclivety.  A  I .  I  T-nm 
difference  has  no  piactical  cffecl  on  Pk  for  a 
nonmancuvcring  target,  so  although  Ihere  is 
presumably  a  causal  relationship  between  the 
reduced  PDT  limes  and  increa-sed  target  ranges, 
we  conclude  that  the  participants  shot  sooner 
without  sacrificing  shot  quality  in  the  color- 
coded  condition.  The  sparse  data  fur  fighter 
launches  show  the  same  trend. 

ShoQt  Cue  Off 

There  were  not  enough  launches  for  this 
case  lo  pcmtil  reasonable  ANOVAs;  however, 
the  data  resemble  those  for  the  nonflashittg 
slioot  cue. 

Target  Identification 

We  expected  that  friendly  and  unknowTi  tar¬ 
gets  would  be  fired  on  oecasionully  and  that 
these  errors  might  be  less  frequent  when  the 
IFF  symbology  was  color  coded.  There  were 


four  launches  against  friendly  targets  and  seven 
against  unknowns,  but  the  videotapes  showed 
that  none  was  attributable  to  HMD  color. 

DISCUSSION 

Our  results  show  tliat  the  *red  means  shoot" 

color  code,  when  applied  to  the  VCA'HS  wiiapons 

symbology,  produced  significantly  Easter  shots 

against  fillers  and  bombers  without  degmding 

Pk,  For  fighter  targets  this  advantage  w^as 

demonstrable  only  for  Flashing  shoot  euest 

whereas  for  bomber  targets  it  was  demonstrable 

only  fur  nonllashiiig  shoot  cues.  'ITiis  difference 

almost  certainlv  reflects  a  dlfl'erenee  in  taetieii: 
¥ 

Militaiy  pilots  know  that  Launches  against  agile 
fighters  should  be  delayed  until  the  best  possible 
launch  sc tu lion  is  avaihble,  whereas  launched 
against  bombers  can  be  successful  under  less 
optimal  eondiliuds,  Furlhcniiort,  In  our  sce¬ 
nario,  it  was  important  to  shoot  the  bombers 
quickly  and  move  on  lo  the  fighters. 

Our  best  estimates  of  the  average  time  reduc¬ 
tions  at  iri  humble  tu  color  coding  are  1 .24  and 
1.5S  s  against  fighters  and  bombers,  respec¬ 
tively,  albeit  for  different  launch  solutions. 
These  might  nut  seem  to  be  substantial  differ¬ 
ences,  but  in  contemporaiy  air-to-air  combat, 
even  fractions  of  a  second  eun  have  life-or-deaih 
consc3quenee!i-  Viewed  from  this  pcrepectlve,  the 
time  savings  demons irated  here  are  impressive. 


i’igure  5.  Mean  lojiiie  I’f^^  times  and  mean  large!  ranges  for  [snintheij  again  si 
bombers  when  I  he  shoot  cue  wur  on  hut  not  flashing.  Whiskers  show  luanclard 
deviadons. 
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and  even  if  they  were  only  half  as  great  In  the 
mdrt;  complex  cnvironincni  uf  rcfi]  combau 
they  would  &till  be  sufficient  to  make  eolor 
HMDs  worth  setLous  consideration. 

The  lesson  of  niore  general  interest  here  is 
that  careful  design  can  yield  a  color  code  that 
gives  irnponant  performance  benclits.  even  in 
complex  tasks  that  have  no  signincant  visual 
search  component  and  in  which  other  factors 
might  be  expected  lu  overpower  a  color  cffcel. 
Deinonsiralioiis  such  as  ihis  are  scarce  in  the 
lileralurt;. 

One  inighl  wonder  whether  our  color  code's 
advantage  i$  related  to  luminanee  eonirast 
rather  than  color.  Our  contrast  ratios  were  often 
below  the  J'A  minimiim  that  the  American 
National  Standards  Institute  (ANSh  and 
ISO  recommend  for  visual  display  ter- 

niinalst  and  perhaps  it  was  stniply  harder  to 
read  the  green  symbols.  However,  the  color' 
coded  condition  was  actually  the  disadvantaged 
one  in  this  rcspcel,  because  although  luminance 
contras L  was  slightly  higher  for  the  yellow  sym¬ 
bols  than  for  the  green  onex^  it  w^as  much  Imver 
for  red.  Turlhen  our  figures  show  that  most 
launches  occurred  at  least  several  seconds  after 
ihe  shoot  cue  appeared,  which  is  too  long  a 
delay  if  the  pilots  were  merely  shuoting  as  soon 
as  it  became  legible.  We  believe  the  advantage 
of  color  coding  was  that  it  eliminated  the  need 
to  read  or  even  foveatc  the  symbology  at  all, 
freeing  the  pilots  to  focu!>  their  vis^ion  and 
attcniion  on  other  matters  that  influence  the 
decision  to  shoot  and  thus  recognize  a  good 
opportunity  faster. 

Qur  color  code  confounded  luminance  and 
chromaticity,  so  our  findings  cannot  be  aitrlb- 
iitcd  conclusively  (o  chromaticily.  For  otir  pur¬ 
poses,  this  issue  is  Irrelevant  because^  as  we 
explained  earlier,  the  confound  would  almost 
ceriatnly  exist  in  pracLice,  and  we  watuted  to  test 
a  realistic  case.  Nonetheless,  we  must  allow 
Lliat  munochromt:  luminance  coding  (with  the 
same  luminances  as  the  color  code)  might  have 
worked  as  well  as  the  color  code.  We  think  this 
Is  unlikely,  though,  because  In  this  case  tlie  par¬ 
ticipants  would  have  had  to  retxngniJK  the  sym¬ 
bol  luminances  as  the  symbols  moved  across 
backgrounds  with  varying  luminances,  and 
humans  are  not  good  photometers.  Tlte  symbol 
chromaticitics,  however,  were  readily  recogniz¬ 


able  against  ail  the  backgrounds,  so  U  is  more 
probable  that  it  was  chromaticity  tha(  gave  ihc 
advantage. 

Currently  wc  are  redesigning  (he  symbol 
shape  and  mechaniziiiion  characteristics  to  fur¬ 
ther  eKploil  the  apparent  advantages  of  color 
coding.  Our  next  experiment  will  compare  this 
new  formal  with  the  color-coded  VCATS  sym¬ 
bology  reported  on  here. 
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